In this paper we compute the collision strengths and their thermally-averaged Maxwellian values for electron transitions between the fifteen lowest levels of doublyionised cobalt, Co 2+ , which give rise to forbidden emission lines in the visible and infrared region of spectrum. The calculations also include transition probabilities and predicted relative line emissivities. The data are particularly useful for analysing the thermodynamic conditions of supernova ejecta.
INTRODUCTION
Cobalt is an iron-group element but is the least abundant of this group with a solar abundance of about 300 times less than Fe. However, in supernova (SN) ejecta it is much more abundant. For example, in SN 1987A the ratio of Co to Fe, 255 days after outburst, is approximately 0.2 by number (Varani et al 1990) . The spectral lines of Co are therefore valuable investigative tools in analysing the chemical and thermodynamic conditions of supernovae where these emissions are mostly found. These lines are also useful in investigating the evolutionary history and chemical development by nucleosynthesis and decay processes within the SN explosions (Colgate & McKee 1969; Axelrod 1980; Kuchner et al 1994; Bowers et al 1997; Liu et al 1997; Churazov et al 2014; Childress et al 2015) . The lines of Cobalt have also been observed in the spectral emissions of astronomical objects with more normal Co abundances such as planetary nebulae (Baluteau et al 1995; Zhang et al 2005; Pottasch & Surendiranath 2005; Wang & Liu 2007; Fang & Liu 2011) .
Little computational and experimental work has been done previously to generate essential atomic data for Co iii and none of the previous work deals with excitation of Co 2+ levels by electron impact. Hansen et al (1984) calculated magnetic dipole and electric quadrupole transition probabilities in the 3d 7 ground configuration of Co iii using parametric fitting to the observed energy levels and Hartree-Fock values for the electric quadrupole moments. In their investigation of the forbidden transition probabilities relevant to E-mail: t.sochi@ucl.ac.uk the analysis of infrared lines from SN 1987A, Nussbaumer & Storey (1988) provided a few transition probabilities for low levels of Co iii assuming LS-coupling. Tankosić et al (2003) calculated Stark broadening data for a number of Co iii spectral lines as a function of temperature by using a semi-empirical approach. Experimental investigations have also been conducted by Sugar & Corliss (1981 , 1985 where atomic data related to Co iii transitions, mainly energy levels of Co 2+ , have been collected. Very recently, Fivet et al (2016) calculated radiative probabilities of Co iii forbidden transitions between low-lying levels of doubly ionised cobalt as part of a larger investigation of the radiative rates in doubly ionised iron-peak elements.
We have recently reported a calculation of atomic parameters for energetically low-lying levels of Co + (Storey et al 2016) . In this paper we present a similar calculation of atomic parameters related to forbidden transitions in Co 2+ , which includes lines ranging from the visible to the three mid-infrared lines which arise from transitions within the ground term at 11.88, 16.39 and 24.06 µm. The paper primarily addresses a shortage in collisional atomic data which forced some researchers (Dessart et al 2014; Childress et al 2015) to adopt collision strengths generated for Ni iv (Sunderland et al 2002) as a substitute for corresponding data of Co iii justifying this by the fact that the two ions possess similar electronic and term structures. Our principal result is collision strengths and their thermally-averaged Maxwellian values for electron excitation and de-excitation between the fifteen lowest levels of Co 2+ . The study also includes the most important radiative transition probabilities for the same levels. The main tools used in generating these data are the R-matrix atomic scattering code (Berrington et al 1974 (Berrington et al , 1987 Hummer et al 1993; Berrington et al 1995) 1 and the general purpose Autostructure code (Eissner et al 1974; Nussbaumer & Storey 1978; Badnell 2011) 2 . The scattering calculations were performed using a 10-configuration atomic target within a Breit-Pauli intermediate coupling approximation, as will be detailed in Section 2.
The paper is structured as follow. In Section 2 the Co
2+
model is presented and the resulting transition probabilities are given, whereas in Section 3 the Breit-Pauli R-matrix Co 2+ + e scattering calculation is described. Results and general analysis related to the diagnostic potentials of some transitions appear in Section 4, and section 5 concludes the paper.
Co
2+ ATOMIC STRUCTURE
The scattering target
A schematic diagram of the term structure of Co iii up to 1.5 Rydberg is shown in Figure 1 . The extent of our target is shown by the heavy solid line in that figure and includes 36 terms and 109 levels. The lowest 21 terms of this ion are of even parity from the configurations 3d 7 and 3d 6 4s. Transitions from higher terms give rise to lines that should be weaker at the typical temperatures of supernova ejecta and hence they will be ignored. The odd-parity terms of the 3d 6 4p configuration are expected to give rise to resonances that affect the collision strengths for excitation of the lowlying even-parity levels and hence they are included in the target for the scattering calculations.
A set of ten electron configurations, listed in were used to expand the target states. The target wavefunctions were generated with the Autostructure program, (Eissner et al 1974; Nussbaumer & Storey 1978 ; Badnell 2011) using radial functions computed within scaled Thomas-Fermi-Dirac statistical model potentials. The scaling parameters were determined by minimising the sum of the energies of all the target terms, computed in LScoupling, i.e. by neglecting all relativistic effects. The resulting scaling parameters, λ nl , are given in Table 2 . In Table 3 a comparison is made between the term energies calculated using our scattering target with experimental values for the 36 terms of the target. The term energies are computed with the inclusion of one-body relativistic effects, the Darwin and mass terms, and the spin-orbit interaction. This is the type of approximation that we applied for the scattering calculations in the R-matrix code. In Table 4 the calculated energies of the 15 lowest levels are compared with the corresponding experimental values. The table also shows the values obtained by including the two-body fine structure interactions as described by Eissner et al (1974) . The calculated fine-structure splittings of these levels are improved by this inclusion. For the total fine-structure splitting of the six terms, the average absolute difference from experiment drops from 7.3% to 4.6%.
A widely-accepted measure for the quality of the scattering calculations is the degree of agreement between weighted oscillator strengths, gf , calculated in the velocity and length formulations, where good agreement is regarded as necessary but not sufficient condition for the quality of the target wavefunctions. Table 5 provides this comparison where it shows an average difference in the absolute values of gf of about 5.8% between the two formulations, which in our view is acceptable for an open d-shell atomic system.
Transition probabilities
The forbidden transition probabilities between the even parity low-lying terms are calculated using the afore-described target wavefunctions, with empirical adjustments to the computed energies to ensure more reliable calculation of the fine-structure interactions and accurate energy factors connecting the ab initio calculated line strengths to the transition probabilities. The results for the lowest 15 levels are given in Table 10 where the values represent the sum of the electric quadrupole and magnetic dipole contributions for each transition. This table includes only those probabilities from a given upper level which exceed 1% of the total probability from that level.
The infrared lines of principal interest here arise from transitions between the levels of the ground 4 F term and are predominantly of magnetic dipole type. There is therefore a stepwise decay through the levels and only three relevant transition probabilities, for a 4 F 3/2 -a 4 F 5/2 , a 4 F 5/2 -a 4 F 7/2 and a 4 F 7/2 -a 4 F 9/2 . We are aware of only two previous calculations of transition probabilities for Co iii, one by Hansen et al (1984) and one by Nussbaumer & Storey (1988) , as well as one contemporary calculation by Fivet et al (2016) . Nussbaumer & Storey (1988) only give values for these three probabilities and these differ by less than 1% from our values. Hansen et al (1984) give more extensive results which we compare with the present values in Table 10 . We find excellent agreement with Hansen et al (1984) for the magnetic dipole transitions between the levels of individual terms with differences of a few percent or less. There are larger differences for the electric quadrupole transition probabilities between terms. For example the probabilities for the principal transitions between the a 4 F and a 4 P terms, the 5-1, 5-2 and 5-3 probabilities, are all larger, by on average 13%, in our calculation than in Hansen et al (1984) . The fact that all three transitions differ by approximately the same factor suggests that the cause of the difference lies in the radial quadrupole integrals used in the two calculations. There is configuration interaction between the terms of the 3d 7 electron configuration and the 3d 6 4d configuration in our calculation and not in the single configuration calculation of Hansen et al (1984) . With this interaction included, the quadrupole line strength involves both the 3d radial quadrupole integral and the 4d integral which is significantly larger than for the 3d. Fivet et al (2016) have made calculations of forbidden transition probabilities for the twice ionised iron-peak elements from Sc to Ni, including Co, and we compare with their results in Table 10 . Their calculations were made with two different methods which we label as FQB1 and FQB2. The FQB2 values were computed with Autostructure as in the present work. Apart from the magnetic dipole transitions between the levels of the ground term, which agree to all tabulated figures, the FQB2 results for the electric quadrupole transitions between levels of different terms are systematically larger than the present work by 15-20% with half of them differing by the same fixed amount of 19%.
As discussed above in the comparison with the work of Hansen et al (1984) , the systematic nature of the difference suggests that it is due to a different value for the 3d radial quadrupole integral rather than details of the wave function expansions of individual terms. The configuration expansions in the present work and in that of Fivet et al (2016) are very similar but differ in one key aspect. We use a somewhat contracted 4d orbital to allow for the differences in the 3d orbital between the 3d 7 and 3d 6 4s configurations, while Fivet et al (2016) employ a spectroscopic 4d orbital but a contracted 5s orbital which provides flexibility to the spectroscopic 4s. These two different expansions give broadly similar energy levels and fine-structure but result in differences in the quadrupole radial integrals. It is not clear that either approach is necessarily superior, so the approximately 15-20% differences are probably a realistic measure of the uncertainty in the results for the electric quadrupole line strengths. We note that the results for the electric quadrupole transition probabilities from the FQB1 calculation of Fivet et al (2016) agree better with their FQB2 for some transitions and better with the current work for others.
SCATTERING CALCULATIONS
In this work we used the Breit-Pauli R-matrix method, which is detailed in Hummer et al (1993) ; Berrington et al (1995) and the references therein, to perform the scattering calculations. The calculations were made using the R-matrix codes 3 where the serial version of the codes were used in some stages and the parallel version in others. An R-matrix boundary radius of 11.3 au defining the inner region was applied so that the most extended orbital (4p) of our target is covered. Each one of the partial waves of the scattered electron was expanded over 12 basis functions within the Rmatrix boundary, and the expansion extends to a maximum of J = 9. Collision strengths were computed over two nonoverlapping energy meshes: a fine mesh consisting of 20000 evenly-divided intervals which goes from zero up to the highest target threshold (about 1.2 Rydberg), and a coarse mesh consisting of 2000 evenly-divided intervals which reach 1 Rydberg above the highest target threshold. The purpose of the first mesh is to cover the main resonance region while the second mesh is intended to cover the region where all scattering channels are open, up to an incident electron energy of about 2.2 Rydberg. Our results demonstrate that these meshes have achieved these purposes. In Figure 2 we illustrate our results with the computed collision strengths between the lowest four levels of the ground 3d 7 4 F term as a function of final electron energy up to 1 Rydberg above threshold. Dense and complex resonance structure can be seen in these plots due to the multiple close lying thresholds. We also show the collision strength averaged over 0.02 Rydberg intervals.
To ensure that the computed collision strengths have converged in partial wave for all the levels for which data are 3 See Badnell: R-matrix write-up on WWW. URL: amdpp.phys. strath.ac.uk/UK_RmaX/codes/. Table 4 .
given, the contribution of partial wave J = 9 was compared to the sum for all transitions and energies. This comparison showed that in almost all cases the contribution from J = 9 is negligible. Specifically, the largest contribution from J = 9 is for the transition 8-12 at about 1% and the next largest is about 0.1% of the total. However, we note that it is certain that the collision strengths from the lower levels to the levels of the 4p configuration are not converged because they are allowed transitions which have significant high partial wave contributions. We therefore do not provide collision strengths for any of these transitions.
RESULTS AND DISCUSSION
The thermally-averaged collision strengths between the fifteen lowest energy levels are given in Table 11 as a function of electron temperature. These values were calculated using the full energy range, as described above. In the energy region where all scattering channels are open there are some small irregular features in the collision strengths that are almost certainly non-physical and caused by the correlation orbital in the target representation. We computed thermally-averaged collision strengths for the transitions and temperature range given in Table 11 both including and excluding the contribution from the region of all channels open, and found the largest change for any transition is 0.3% at log10T = 4.0, 2.4% at log10T = 4.2 and 9.4% at log10T = 4.4. The values tabulated in Table 11 were computed using the full energy range.
Principal spectral lines
We compute the predicted Co 2+ fractional level populations using the results in Tables 10 and 11 with a fifteen level model atom including electron collisional excitation and deexcitation and radiative decay. In Tables 6 and 7 we show the resulting ten strongest lines of Co iii in this model. We also ensure that the three Co iii mid-infrared lines at 11.88, 16.39 and 24.06 µm are in the tables even if they are not among the ten strongest. The fifteen levels are all of even parity so all these lines are [Co iii] forbidden transitions. The tabulated quantity ρ is the ratio of the energy emitted per unit time in a Co iii line relative to Hβ for unit Co 2+ and H + ion number density. Hence for a downward transition of wavelength λij between Co 2+ levels j and i,
where fj is the fraction of Co 2+ in the upper state j, Aji is the Einstein A-coefficient for the transition, λ Hβ is the Hβ wavelength and α Hβ e is the effective recombination coefficient for Hβ whose value is obtained from Storey & Hummer (1995) . The values of ρ are tabulated for a temperature of 10 4 K and for two electron densities, Ne = 10 4 cm −3 typical of planetary nebulae (Table 6) , and Ne = 10 7 cm −3 more typical of SN remnants in their nebular phase (Table 7) . Thus, in typical PN conditions, assuming a Co abundance of 10 −7 with respect to H + by number and assuming 20% of Co is in the form of Co 2+ , the brightest visible Co iii line at 5888.5Å would have an emissivity per unit volume 5.7×10
−4 times that of Hβ. In principle this would be visible Table 6 . The emissivity ratio, ρ, of the 10 strongest lines of Co iii in our 15-level model atom for electron temperature Te = 10 4 K and electron number density Ne = 10 4 cm −3 typical of PNe. We also add the 24.06 µm line to show the relative strength of all three mid-infrared lines. The powers of 10 of the ρ values are given in brackets and i and j refer to the lower and upper levels respectively as indexed in Table 4 .
-3d 7 4 F 9/2 11.88µm 5.85(+4) 8 1 3d 7 2 G 9/2 -3d 7 4 F 9/2 5888.48Å 2.83(+4) 5 1 3d 7 4 P 5/2 -3d 7 4 F 9/2 6576.31Å 2.27(+4) 3 2 3d 7 4 F 5/2 -3d 7 4 F 7/2 16.39µm 1.26(+4) 8 2 3d 7 2 G 9/2 -3d 7 4 F 7/2 6195.45Å 8.47(+3) 6 2 3d 7 4 P 3/2 -3d 7 4 F 7/2 6853.53Å 6.93(+3) 5 2 3d 7 4 P 5/2 -3d 7 4 F 7/2 6961.53Å 5.83(+3) 13 2 3d 7 2 D 5/2 -3d 7 4 F 7/2 4499.67Å 4.07(+3) 6 3 3d 7 4 P 3/2 -3d 7 4 F 5/2 7152.69Å 3.91(+3) 12 8 3d 7 2 H 11/2 -3d 7 2 G 9/2 1.741µm 3.82(+3) 4 3 3d 7 4 F 3/2 -3d 7 4 F 5/2 24.06µm 1.94(+3) Table 7 . The emissivity ratio, ρ, of the 10 strongest lines plus the three mid-infrared lines of Co iii with Ne = 10 7 cm −3 typical of SN remnants. The other details are as in Table 6 .
-3d 7 4 F 9/2 5888.48Å 1.26(+4) 13 2 3d 7 2 D 5/2 -3d 7 4 F 7/2 4499.67Å 5.39(+3) 9 2 3d 7 2 G 7/2 -3d 7 4 F 7/2 5906.78Å 3.82(+3) 8 2 3d 7 2 G 9/2 -3d 7 4 F 7/2 6195.45Å 3.78(+3) 9 3 3d 7 2 G 7/2 -3d 7 4 F 5/2 6127.67Å 2.74(+3) 5 1 3d 7 4 P 5/2 -3d 7 4 F 9/2 6576.31Å 2.62(+3) 15 3 3d 7 2 D 3/2 -3d 7 4 F 5/2 4387.52Å 2.38(+3) 15 4 3d 7 2 D 3/2 -3d 7 4 F 3/2 4469.02Å 1.24(+3) 6 2 3d 7 4 P 3/2 -3d 7 4 F 7/2 6853.53Å 9.23(+2) 14 8 3d 7 2 H 9/2 -3d 7 2 G 9/2 1.548µm 7.49(+2) 2 1 3d 7 4 F 7/2 -3d 7 4 F 9/2 11.88µm 6.76(+2) 3 2 3d 7 4 F 5/2 -3d 7 4 F 7/2 16.39µm 2.17(+2) 4 3 3d 7 4 F 3/2 -3d 7 4 F 5/2 24.06µm 3.26(+1) in deep spectra of bright PNe (e.g. Baluteau et al (1995) ). In practice, Baluteau et al (1995) do not identify this line in the spectrum of NGC 7027 which may reflect depletion of gas phase Co on dust grains. In Storey et al (2016) we reported collision strengths and transition probabilities for low-lying transitions in Co ii and discussed the spectroscopic uses of the three midinfrared lines at 10.52, 14.74 and 15.46 µm. There are also significant Co ii visible and near-infrared lines which were not discussed by Storey et al (2016) , so in Tables 8 and 9 we show the strongest of these. The Co ii model atom also comprises the energetically lowest 15 levels and the transition probabilities and thermally-averaged collision strengths required are all from Storey et al (2016) .
CONCLUSIONS
In this study, the Co iii forbidden lines arising from transitions between the fifteen lowest energy levels of doublyionised cobalt, Co 2+ , have been investigated. Radiative transition probabilities and collision strengths for excitation and de-excitation by electron scattering, with their thermallyaveraged values based on a Maxwell-Boltzmann statistics, Table 8 . The emissivity ratio, ρ, of the 10 strongest lines of Co ii with Ne = 10 4 cm −3 typical of PNe. We also add the 15.46 µm line discussed by Storey et al (2016) . The other details are as in Table 6 . j i Transition λ ρ 9 1 3d 7 4s 3 F 4 -3d 8 3 F 4 1.019µm 1.17(+5) 9 4 3d 7 4s 3 F 4 -3d 7 4s 5 F 5 1.547µm 6.53(+4) 2 1 3d 8 3 F 3 -3d 8 3 F 4 10.52µm 3.81(+4) 5 4 3d 7 4s 5 F 4 -3d 7 4s 5 F 5 14.74µm 2.86(+4) 12 2 3d 8 1 D 2 -3d 8 3 F 3 9342.56Å 1.74(+4) 9 2 3d 7 4s 3 F 4 -3d 8 3 F 3 1.128µm 1.27(+4) 9 6 3d 7 4s 3 F 4 -3d 7 4s 5 F 3 1.903µm 9.33(+3) 13 2 3d 8 3 P 2 -3d 8 3 F 3 8121.13Å 9.04(+3) 12 3 3d 8 1 D 2 -3d 8 3 F 2 9943.60Å 8.13(+3) 10 2 3d 7 4s 3 F 3 -3d 8 3 F 3 1.025µm 7.27(+3) 3 2 3d 8 3 F 2 -3d 8 3 F 3 15.46µm 5.00(+3) Table 9 . The emissivity ratio, ρ, of the 10 strongest lines of Co ii with Ne = 10 7 cm −3 typical of SN remnants. We also add the 10.52, 14.74 and 15.46 µm lines discussed by Storey et al (2016) . The other details are as in Table 6 . have been computed and reported. The scattering calculations used the R-matrix method in the Breit-Pauli approximation under an intermediate coupling scheme. The emissivities of the Co iii forbidden lines were calculated with a 15-level Co 2+ model atom and the strongest lines listed with their expected strength relative to Hβ for conditions approximately representative of those in planetary nebulae and supernova remnants. For comparison and completeness we also listed the strongest forbidden lines from Co ii in the same conditions based on atomic parameters calculated and presented in a previous paper (Storey et al 2016) .
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